We synthesized the liquid crystal dimer and trimer members of a series of flexible linear oligomers and characterized their microscopic and nanoscopic properties using resonant soft xray scattering and a number of other experimental techniques. On the microscopic scale, the twist-bend phases of the dimer and trimer appear essentially identical. However, while the liquid crystal dimer exhibits a temperature-dependent variation of its twist-bend helical pitch varying from 100 -170 Å on heating, the trimer exhibits an essentially temperature-independent pitch of 66 Å, significantly shorter than those reported for other twist-bend forming materials in the literature. We attribute this to a specific combination of intrinsic conformational bend of the trimer molecules and a sterically favorable intercalation of the trimers over a commensurate fraction (two-thirds) of the molecular length. We develop a geometric model of the twist-bend phase for these materials with the molecules arranging into helical chain structures, and we fully determine their respective geometric parameters.
SECTION 1: MATERIALS/ GENERAL METHODS/ INSTRUMENTATION
For reactions performed under anhydrous conditions, all glassware was pre-dried for at least 12 h in ovens set at 120 °C.
Materials
All reagents and solvents were available commercially and purchased from Sigma Aldrich, TCI Chemicals or Alfa Aesar and were used as received unless otherwise stated. Anhydrous solvents were purchased as anhydrous (over molecular sieves).
Solvents were evaporated at approximately 20 mm Hg using a water aspirator pump connected to a Buchi rotary evaporator and trace solvents in a Thermo Scientific vacuum oven at 1.0 mm Hg and 50 °C.
Column chromatography was performed using silica gel grade 60A 40-63 µm, purchased from Flurochem and a small neutral alumina plug was used at the base of the column to remove ionic impurities where stated. Reactions were monitored using Thin Layer Chromatography (TLC) carried out on aluminium-backed plates with a coating of Merck Kieselgel 60 F254 silica and an appropriate solvent system. Silica gel coated aluminium plates were purchased from Merck KGaA. Spots were visualised using UV light (254 nm) or by oxidation with either an aqueous permanganate dip or iodine.
General methods and instrumentation
Infrared spectra were recorded on a Thermo Scientific Nicolet IR100 FT-IR spectrometer with an ATR diamond cell.
Mass spectra were recorded on a Waters QTOF Xevo G2 spectrometer. The synthetic route used to obtain 4,4'-bis((6-(4'-cyano-[1,1'-biphenyl]-4-yl)hexyl)oxy)-1,1'-biphenyl, CB6OBO6CB, is shown in scheme 1.
Proton
Scheme 1.
4-Bromo-4'-(6-bromohexanoyl)biphenyl, 1
The synthesis of compound 1 has been described in detail elsewhere (1).
1-Bromo-6-(4'-bromobiphenyl-4-yl)hexane, 2
Compound 2 was prepared by reduction of the carbonyl group on 1 using triethylsilane in trifluoroacetic acid (2) and has been fully described elsewhere (1). 
4,4'-bis((6-(4'-bromo-[1,1'-biphenyl]-4-yl)hexyl)oxy)-1,1'-biphenyl, 3

4,4'-bis((6-(4'-cyano-[1,1'-biphenyl]-4-yl)hexyl)oxy)-1,1'-biphenyl, 4, CB6OBO6CB
The cyanation of 3 was achieved using a modified Rosenmund-von Braun reaction as described by Coates and Gray (s3). A mixture of 3 (3.04 g, 0.004 mol), copper cyanide (1.30 g, 0.015 mol) and dry N-methyl-2-pyrrolidone (100 mL) was heated to 200 °C for 24 h. The reaction mixture was cooled to 80 °C and to this was added a solution of iron chloride (6.90 g, 0.05 mol), H 2 O (15 mL) and 32 % aq. hydrochloric acid (6 mL) at 60 °C. This solution was allowed to cool slowly to room temperature and stirred overnight, then added to a dichloromethane (200 mL) and H 2 O (200 mL) mix. The aqueous layer was washed with dichloromethane (100 mL). All organic fractions were combined and washed with H 2 O (3 x 100 mL) before drying over anhydrous magnesium sulfate. Solvent was removed under vacuum to yield a brown liquid which was added to H 2 O (200 mL). The brown precipitate was collected by vacuum filtration and washed with H 2 O (400 mL). The crude product was purified by silica gel chromatography using dichloromethane as eluent, R.f. 0.54. The crude product thus obtained was recrystallized from ethanol to give the title compound as a white solid Supplementary Fig. S2 : Binary phase diagram of CB6OBO6CB (trimer) and CB6OCB (dimer) in concentration and temperature, demonstrating good mixing between the nematic and TB phases of each component. This shows that the phase below the nematic is indeed the same phase for both the dimer (1) and the trimer: the TB phase.
Supplementary Fig. S3 : Contact preparation of CB7CB and CB6OBO6CB. The polarizers are oriented along the edges of the images. The images taken at T = 138.5 -118.5°C have 1.0 mm vertical dimension, while the images taken at T = 117.0 -67.6°C have 1.7 mm vertical dimension. The CB7CB-rich region is toward the upper-left portion of the images, and the trimer-rich regions are on the bottom-right. At T = 138.5°C, CB7CB is isotropic, while the trimer is in the nematic phase. The region with the parallel line defects is the region of significant mixing and is nematic at this temperature. On cooling (T = 132.1°C), the I -N phase front continues to grow as the trimer-rich region transitions to the TB phase and exhibits the characteristic blocky texture. For T = 130.4 -118.5°C, both the I -N and N -TB phase fronts progress through the mixed region (from the T = 118.5°C image, the field of view is shifted to the left by ~500 µm). At T = 117.0°C, the CB7CB-rich region transitions to the nematic phase.
From T = 115.3 -105.6°C, the field of view is again shifted ~500 µm to the left and the N -TB phase front continues to grow steadily. At T = 104.7°C and 104.0°C, the CB7CB-rich region transitions to the TB phase, exhibiting the usual blocky textures. The continuity of the I -N and the N -TB phase front from the trimer-rich region to the CB7CB-rich region demonstrates that the materials both exhibit the nematic and TB phases and are well-mixed in these phases. At T = 102.2°C and T = 67.6°C, we shift the field of view to the right by ~500 µm to observe the lower temperature TB-Cr phase front grown in from the trimer-rich region. This experiment demonstrates that the monotropic LC phase exhibited by the trimer from T = 130 -110°C is indeed the usual TB phase.
Supplementary Fig. S4 . Beamline energy scan of CB6OBO6CB. The peak corresponding to the TB phase at q tri ≈ 0.095 Å -1 becomes observable in the vicinity of the carbon K-edge resonance (E res = 283 eV).
Supplementary Fig. S5 : A histogram of the normalized frequency of observations topographical modulations in an FFTEM experiment on CB6OBO6CB, with the measured periodicity weighted by the domain area from various locations throughout the sample. The histogram exhibits a peak at p tri,FFTEM = 6.6 nm, demonstrating that this is most likely to be the low-temperature helical pitch exhibited by the TB phase.
Supplementary Fig. S6 : 1D-WAXS scans of CB6OBO6CB on cooling from the isotropic phase.
In the isotropic phase, CB6OBO6CB exhibits diffuse features at q z,WAXS = 0.48 Å -1 and q⊥ ,WAXS = 1.37 Å -1 . The q z,WAXS peak sharpens slightly in the nematic phase, as expected. On further cooling, we capture the TB-Cr coexistence at 134.7°C, with the q z,WAXS feature sharpening up from the nematic phase, but not shifting significantly in q. This feature indicates the presence of a modest density modulation, or pseudo-layering, along the helical direction, with a period of s tri = 13 Å. In this experiment, the sample crystallizes very soon after the formation of the monotropic TB phase, with the TB phase and the crystal phase coexisting in the lowest temperature scans. In the crystal phase, a sharp scattering peak appears near the q z,WAXS feature, indicating lamellar crystalline ordering.
